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Abstract
We consider the AdS/dS CFT correspondence and study the nature of the thermal bath of the de Sitter field theory using holography. Unlike the temperature of a thermal field theory in flat spacetime, the temperature of a superconformal field theory on de Sitter space is an integral part of the theory and leaves intact the conformal symmetry and supersymmetry. In the dual AdS side, there is no black hole. Instead we have cosmological expansion of the de Sitter factor. We consider a number of different observables, such as the entanglement entropy, two point correlation function, Wilson loops corresponding to static and spinning mesons in the field theory, and study their thermal properties using holography. The former two quantities have trivial temperature dependence due to conformal symmetry. We compute the energy of the quark anti-quark bound state for a static meson, as well as the energy and the angular momentum for a spinning meson. We find that there is a maximum distance, as well as a maximum spin for the latter case, beyond which the bound state become unstable. The temperature behavior of the physical quantities in these meson systems are similar to that of the usual thermal field theory with holographic black hole dual. With these examples, we show clearly how the field theory observables get their thermal properties from the bulk despite the absence of a black hole, with the role of the black hole horizon played by the cosmological expansion of the de Sitter factor of the AdS metric.
Introduction
de Sitter spacetime is an important background in cosmology because it not only describes the late time cosmology, but it is also crucial to the description of the inflationary early universe. In certain approximation, one may decouple quantum gravity and consider the quantum dynamics of other fields on a background de Sitter spacetime. Using perturbative quantum field theory on de Sitter space [1] , one could connect of cosmological perturbation of the CMB in terms of the quantum fluctuation of the field theory in a slow roll potential. Among other things, the prediction of a scale invariant spectrum is in excellent agreement with the observational results of CMB and marked a remarkable success for the inflationary scenario. Nevertheless the picture suffers from the η problem for the inflaton mass. Minimally coupled massless scalar field also suffers from large secular infrared effects and it would be nice to have better nonperturbative techniques to deal with them, beyond the often practiced approximation methods such as dynamical renormalization group (dRG) [2] or stochastic analysis [3] .
Recently, by employing a specific dS-slicing coordination of the AdS space, a duality between type IIB string theory on AdS 5 ×S 5 with dS 4 boundary and the N = 4 maximal superconformal Yang-Mills theory (SCYM) has been proposed [4] . It should be mentioned that while it is not possible to construct global supersymmetric field theory on four dimensional de Sitter spacetime [5, 6] , the employment of global superconformal symmetry makes it possible. The Lagrangian of the SCYM theory has been constructed in [7] . See also [8] - [15] for related works. The SCYM theory is a cousin of the N = 4 supersymmetric Yang-Mills theory on flat space and, based on the holographic duality, it has been argued that SCYM theory would also share certain remarkable properties like its cousin, such as exact conformality, SL(2, Z) strong-weak duality and integrability in some of its sectors. This makes the studies of the quantum N = 4 SCYM field theory a well motivated problem and it will be the subject of a different paper.
Here we simply mention that the de Sitter field theory has a finite temperature T = H/(2π) due to Hawking radiation in de Sitter space. However this temperature has properties quite different from that of a thermal field theory in flat spacetime: 1. While ordinary temperature break Poincare supersymmetry, the de Sitter temperature does not break de Sitter superconformal symmetry. This is partially because the de Sitter temperature is not a independent parameter but is fixed directly in terms of the de Sitter space. 2. In terms of holography, the thermal vacuum of a quantum field theory in flat spacetime is dual to a black hole deep in the bulk. The presence of a black hole, in particular its horizon, changes the behavior of bulk supergravity solutions compared to the case without, and this is how the bulk gravitational dynamics could account for the properties of the thermal field theory. However there is no such black hole in our dual AdS spacetime. A motivation of this paper is to understand how the thermal properties of the de Sitter field theory is encoded in the bulk. It is natural to suspect that the role of the black hole horizon would be played by the cosmological expansion of the AdS bulk. We will demonstrate with examples that this is basically correct. Nevertheless the way the cosmological expansion affects the bulk solutions are different from the black hole horizon. In particular, in contrast with the effect of the AdS black hole where the presence of the gravitational attraction of the black hole pulls the string along the radial holographic direction, the cosmological expansion pulls the string in the directions orthogonal to the radial direction.
As said, the presence of de Sitter temperature is compatible with the superconformal symmetry of de Sitter space. As the two and 3-points correlation functions of the theory are completely fixed by the conformal symmetry, this means they depend on the temperature in a trivial way, through the geodesic distance of the space. This is indeed what we found in [4] using the bulk-to-boundary formalism. However this is not the case for other more nontrivial observables. For example, if we consider a Wilson loop operator W C on the de Sitter field theory, the expectation value of the Wilson loop could depend nontrivially on dimensionless combinations such as LT or AT 2 , where L(A) is the length (area) of the loop C. This is a highly nontrivial problem, especially in the strongly coupled regime. The analysis of such nontrivial temperature dependence in strongly coupled field theory in de Sitter space is another motivation of this paper. Notice that gauge/gravity duals in de Sitter where also studied in [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] The plan of the paper is as follows. In section 2, we consider the computation of entanglement entropy in the de Sitter theory in arbitrary dimensions. For the 2 dimensional case, an exact analytic solution is possible. As a by-product, we use the result of the entanglement entropy to obtain the equal time two-point correlator function. The result agrees with the one fixed by conformal symmetry. In section 3, we set up a heavy quark bound state with constant inter-quark distance. We compute the energy of the system and find that it behaves similarly to those of a thermal field theory in a flat spacetime.
We discuss in what ways the cosmological expansion and the black hole horizon differs in their effects on the bulk dynamics of strings. In section 4, we consider a spinning heavy quark bound state with constant inter-quark distance. We regularize the energy and the angular momenta using the Legendre transformed action. We find that there exist a maximum spin beyond which the bound state ceases to exist. This is similar to the behavior of the bound states in a finite temperature field theories in flat spacetime. Section 5 contains our conclusions and discussions.
Entanglement Entropy
In this section, we compute the entanglement entropy for a rectangular stripe on dS space using holography [33, 34] . With a dS-slicing, the metric of AdS space takes the form
, ds
where i = 1, · · · , d − 1, H = 1/R. In this coordinate patch, the boundary of the AdS space is located at z = z bdy = ∞ and is given by a d-dimensional de Sitter space. We consider a rectangular strip Σ on the dS space described by
where L is the width of the strip and L 1 L so to ensure translational invariance along the x j space directions. To obtain the entanglement entropy, we need to compute the area of the codimension 2 minimal surface γ Σ whose boundary is given by Σ. It turns out sufficient to consider a static parametrization of the surface
The boundary condition at σ = ±L/2 is
We remark that the metric (1) belongs to a more general class of bulk metric of the form
where one can set up the computation of the minimal surface in an uniform manner 1 . The entanglement entropy of the chosen region (3) is given by
where
1 Here the boundary of the manifold is assumed to be located at z bdy where g ii (η, z bdy ) = ∞.
The Hamiltonian is a constant of motion, since there is no explicit σ dependence. Setting it equal to −c we obtain the constraint
which gives a first order ordinary differential equation of z and η
The other two equations of motion are obtained by the variation of the action (6) and gives
where ∂ α = ∂ η or ∂ z . Eliminating the square root using the constraint (8), we obtain
The desired minimal surface γ Σ is obtained from solving the differential equations (8) and (11), subjected to the boundary conditions (4).
For the AdS d+1 metric (1), the function (7) and the expressions appear in the equations of motion are
Then the Hamiltonian constraint (8) and the equations of motion (11) take the relatively compact form
In arbitrary number of dimensions the equations can be solved numerically. However, for the case of 2 dimensional conformal field theory, the factor A(σ) in (12) is equal to the unit and the equations of motion can be solved analytically.
Entanglement entropy for AdS 3 /dS 2
Let us consider the case of a two dimensional conformal field theory. The equation of motion (15) for η reads
This has the solution
with c 1,2 being constants of integration. Notice that the solution of η does not depend on the cosmological horizon H. Similarly the equation (14) gives
and by substituting the solution (17), we get an second order differential equation for
The solution for z then can be written in the compact form as
where c 3 and c 4 are arbitrary integration constant. To specify the integration constants, we note that due to the symmetry of the problem, the geodesic should be left-right symmetric with respect to x 1 . The geodesic has a turning point in the bulk (z 0 , η 0 ), which by the symmetry of the space, must therefore be located at σ = 0, and the desired functions z and η must be even functions of σ. We obtain immediately that
and
In addition, c 3 can be expressed in terms of the turning point coordinates as
Now the boundary condition (
Therefore, eliminating c 3 , we get the relation between the turning point (z 0 , η 0 ) and L:
Note that the Hamiltonian constraint (8) is satisfied by the solutions and applying it at the turning point for the geodesic it fixes the constant c as
The minimized action is
where R := 1/H is the radius of the AdS space and ε ≈ 0 is a UV cutoff imposed in the σ direction of the worldsheet. To compare with the field theory, we need to express (27) in terms of the UV cutoff of the field theory. This can be achieved by noting that if we introduce the radial coordinate ρ of the bulk defined by
then the desired UV cutoff is given by
is the time coordinate for the boundary point of the string. As a result,
As η b should be treated as an independent parameter apart from L, we obtain [35, 36] 
The entropy (32) has a trivial L dependence as fixed by conformal symmetry and has a trivial dependence on the de Sitter temperature. We also note that (32) is the same as the result in the flat space. This must be the case since the boundary metric is conformally related to that of the flat space and the logarithmic divergent piece is universal and depends trivially on the de Sitter temperature through the geodesic distance.
Two-Point Correlation Function
In the above computation of the holographic entanglement entropy, we have computed the length L g of the bulk geodesic joining the two points x 1 = ±L/2 on the boundary.
As an application, this can be used to reconstruct the boundary correlation function for conformal operators. In general, for a scalar field of mass m in the bulk of AdS 3 , it has the lowest energy eigenvalue H∆ and the bulk propagator from x to x is given by
where P is a path joining the two points and L(P) is the proper length of the path P. In the semiclassical limit, the path integral is localized to its saddle points and is given by a sum over the geodesics. In the present case
According to [37, 38] , (33) is also equal to the CFT correlator for the dual operator O in the large N limit. Therefore we obtain in the large N limit and semiclassical approximation the following expression for the two point function
where we have regulated the two point function by adopting a normalization involving an appropriate expression of the cutoff . Using (31), we obtain
where σ is the de Sitter invariant distance
(36) agrees with the result obtained in [4] using the bulk-to-boundary formalism. As the result is completely determined by conformal invariance, it is trivially depending on the de Sitter temperature through the geodesic distance.
Static Mesons in dS Theory
To see nontrivial dependence on temperature, let us introduce heavily massive external quarks and consider expectation value of the Wilson loop operators for space-like loop C in the dS conformal field theory. According to holography [39, 40] they are determined in the large N limit, by the minimal surface formed by the string world-sheet ending on the loop C on the dS boundary. For convenience let us go to the planar coordinates for the dS space by setting η = e −2Ht , we have
The String Solution
We consider quark, anti-quark pair at the boundary (38) at
where the ± sign correspond to the positions of Q andQ respectively. Note that in contrary to the flat space case, we have specified a specific time dependence for the position of the quarks, which give them a constant speed
pointing towards each other. This counter balance the expansion of the dS space and results in a constant dS invariant distance (37) between the quarks
In other words, we have chosen here to consider meson of constant size and this is the closest analogy to the flat space case. Motivated by (39), we parametrize the string worldsheet as t = τ ,
As we will see below, this parametrization guarantees time translation invariance for the Wilson loop and greatly simplifies the problem since the string world sheet is then govern by ordinary differential equations instead of partial differential equations. This is not the case if we have considered the usual static gauge parametrization t = τ, x 1 = σ, z = z(σ), which does not satisfies the equations of motion.
It is not difficult to check that the Nambu-Goto (NG) action
for the parametrization (42) is consistent and gives only one non-trivial equation of motion
The on-shell action takes the compact form
where we have integrated the world-sheet time to give a factor of T . Notice that the resulting action is time independent reflecting the fact that the endpoints of the string have static invariant distance. For Hσ > 1 the action (45) may become zero or imaginary, this is a common characteristic for the orthogonal Wilson loop action in finite temperature field theories, where H here plays the role of the black hole horizon.
The solution of the equation (44) can be found numerically and is presented in Figure   2 (1). For small inter-quark distances LH << 1 the profile of the string has the usual Ushape of a hanging chain form with two fixed end-points. As the distance between the pair increases, the gravitational effects of the cosmological expansion in the interior of the AdS space give rises to a deformed U-shaped profile with more substantial modification around its turning point.
A couple of remarks are in order:
1. A common property of the holographic finite temperature field theories is that to each boundary distance of the string, there are two string solutions extending inside the bulk with different radial dependence [41, 42] . This is also the case here. As can be seen in Figure 1 , there are two different string profiles in the bulk with different turning points z 0 for each boundary separation L. In Figure 2 , we plot L as a function of the turning point z 0 . We find that for inter-quark distance less than a certain maximum, namely
there always exists two different connected string solutions. 3 At this point a natural question arises for the reason of the resemblance of our string solutions with the ones in the usual holographic thermal field theories. The mechanism that provides here twin world-sheets solutions is not because of the presence of a black hole in the bulk but is due to the expansion of the AdS space, an effect which is visible when the AdS metric is expressed in the form (1) in terms of the dS-sliced coordinates. Effectively, we have placed the string in the AdS space while keeping fixed the distance of the two boundary string endpoints by counterbalancing the expansion of the space with a given boundary velocity. However the rest of the string is still affected by the expansion, where the effect is enhanced as one goes deeper in the bulk. At some point the deformation of the connected string becomes so large that the string prefers energetically to break and become two separate strings and this is when the heavy quark bound state dissociates. The boundary is at the large values of z. We plot string solutions with three different turning points z 0 . The one with smallest L has a string profile that is minimally deformed by the cosmological expansion. The other two string solutions correspond to the same inter-quark distance L, while the acceptable one has an endpoint closer to the boundary and is the energetically favorable. The string solution that goes deeper to the bulk, is clearly deformed by the cosmological expansion. The acceptable one lies on the right branch of the maximum of the curve, since it has lower energy and it is stable. An example of such twinsolutions with the same boundary conditions is presented in Figure 1 .
2. The deformation of the string in the bulk due to the cosmological expansion leads to a minor complication in the numerics 4 . To obtain the string profile we solve the equation (44) by selecting the initial value of the holographic distance of the turning point of the world-sheet in the bulk z 0 and we shoot from this point towards the boundary. The selection of z 0 specifies the inter-quark distance L at the boundary. For σ = σ 1 the string has a second turning point at z 1 = z(σ 1 ), where z (σ 1 ) = ∞ (Figure 1 ). At this point we need to invert the differential equation (44) to obtain the equation for σ(z) and to shoot from the point σ 1 with initial conditions σ(z 1 ) = σ 1 and σ (z 1 ) = 0. The two solutions can be combined to get the full profile of the string. Notice that we need the full solutions in order to find the energy of the string, where we integrate the energy density from σ = σ 0 to σ = σ 1 as a function of σ, and from z 1 to the boundary as a function of z. A series of such solutions are shown in Figure 3. 3. Notice that the deformation on the world-sheet due to the cosmological expansion is symmetric in the two edges. This is because we place the Q andQ at equal distances from the origin x 1 = 0. Non-symmetric displacement of the pair along the x 1 -axis leads to asymmetric deformation of the string world-sheet, enhanced on the side that is further away from the origin. A representative solution is shown in Figure 4 . 
The Energy of the Bound State
To obtain the energy of the bound state, one needs to regulate the on-shell Nambu-Goto action which is infinite due to the infinite length of the string world-sheet. Two subtraction schemes, the Legendre subtraction scheme and the mass subtraction scheme, have been widely used.
As the NG action is a functional of coordinates and the holographic direction of the string world-sheet satisfies a Neumann boundary condition, one needs to perform a Legendre transformation to change the boundary condition for the modified action. We point out that the Legendre transform is not diffeomorphic invariant; and for a successful canceling of the UV divergences, we should use the coordinate system ρ (28) which is analogous to the AdS Poincare coordinates. The Legendre transform of the action in the ρ coordinates is [45, 46] 
where ρ is the holographic direction, p ρ is the conjugate momentum
and σ 1 and σ 2 are the endpoints of the string. Using the equation (28), we obtain ρp ρ = p z , where
is the conjugate momentum in the z coordinate, and the desired Legendre term takes the
The idea of the mass subtraction scheme is very intuitive. For the standard case of N = 4 SYM, a single heavy quark is the endpoint of a straight string that initiates from the boundary of the space (z = ∞) and goes into the bulk. The infinite mass of the quark is given by
The subtraction of this mass from the energy is equivalent to the subtraction using the Legendre term. For the finite temperature N = 4 SYM theory, the gravity dual has a black hole which introduces a lower bound on the holographic coordinate with a range [z h , ∞), where z h is the position of the black hole. Then the corresponding mass for the heavy quark is given by
Note that apart from allowing to cancel the UV divergence of the NG action of the connected string worldsheet, M Q now also makes an IR contribution z h , which is interpreted as a thermal contribution to the bound state energy. On the other hand in the Legendre term (50), information about the thermal properties of the horizon is present through the conjugate momentum and the string solution itself, however in a less direct manner.
When computed at the boundary, the black hole contribution is negligible and the Legendre boundary term is equal to that of the zero temperature theory. In general, while both schemes offer the cancellation of the UV divergences, they could differ in their finite IR contribution and two schemes are not equivalent. The choice of regularization scheme depends on the problem and the physical quantity one desire to compute.
In the present case, due to its intuitive picture, one may want to use the mass subtraction scheme by subtracting out the energy of two single non-interacting quarks moving with the velocity (40) . To do this, one needs an appropriate string solution with a single moving endpoint at the dS boundary
with constant velocity. This is however not straightforward to find. In fact the most straightforward string world-sheet parametrization
is not a solution of the full system of equations of motion, and a more involved string profile required. On the other hand, the Legendre subtraction can be performed without any problem. As a result, the regularized energy for our meson system is given by
where S QQ is given by the onshell action (45) and S U V is given by
where we have used the fact that our solution is independent of τ to integrate through the time to get an overall factor of T . The factor of 2 accounts for the contribution from both endpoints. We have also used the fact that near the endpoints σ = ±L/2, z → ∞, the differential equation (44) is solved by
where the sign ∓ is for σ = ±L/2. As a result, near the boundary, p z is given by
where the sign ± is for σ = ±L/2. We remark that unlike the AdS case in the Poincare coordinates where the UV divergences of the Wilson loop do not depend on the spatial position of the string, in the present dS-sliced description of the AdS space where the metric becomes time dependent, the UV boundary term is multiplied by a factor that depends on the spatial position of the string. This is essential to cancel out the infinity.
Our result for E tot (L) is plotted in Figure 5 . The regularized energy of the bound state in the AdS/dS space has similarities with that of the bound state in the AdS black hole and the dual finite temperature N = 4 SYM field theory. The energy E(L) has a turning point, indicating a maximum size of the heavy quark bound state with maximal energy for the state, beyond which it does not exist. Moreover, there exist two string solutions corresponding to the same size meson but have different energy. The acceptable solution is the one with the minimum energy which corresponds to the stable and energy preferred state. This resembles the known holographic results of finite temperature field theories including a black hole horizon. Notice, however, that the energy in units of H. We notice that there is a maximum value of distance L with a maximal energy, beyond which there is no minimal surface with the boundary conditions (39) . The turning point occurs for negative values of energy, and the almost flat branch corresponds to the non-stable solutions that are energetically non-favorable.
of our solution does not cross the horizontal axis. This is different from the behavior in thermal field theory with black hole dual [41, 42] . There the mass subtraction scheme was adopted, and it was found that the energy becomes positive at a certain inter-quarks separation L * < L max . This signifies a phase transition where having a pair of straight line strings ending directly on the horizon of the black hole has become the energetically more favorable string configuration. As we do not have a black hole and we have used the Legendre transform scheme for the cancelation of the UV divergences, this explains the absence of such phase transition in our case.
To summarize, we find that similar to the situation of mesons in the usual thermal field theory whose temperature has a holographic origin in terms of a black hole, here our mesons also admit a pair of string solutions for each admissible boundary condition which leads to bound state. However the responsible mechanism here is different: it is due to the presence of cosmological expansion in longitudinal directions parallel to the boundary, rather than attraction due to the black hole in the radial/transverse direction [41, 42] . To elaborate further on the properties of bound state we add one more degree of freedom to our system in the next section.
Spinning Mesons in dS Theory
In this section we examine the spinning mesons modeled by rotating hanging strings from the dS boundary.
The Holographic Setup
The spinning string we consider, has its two endpoints on the boundary, corresponding to the quarks of the spinning meson. To consider rotation, it is convenient to rewrite the planar coordinates metric (38) in the following spherical form
Without loss of generality, we consider rotation along the equator of the sphere with the following parametrization (0 ≤ σ ≤ L/2)
where c is a constant to be determined by the two points of the boundary. The function f (σ) parametrize the string world-sheet in the bulk and moreover specifies the initial angle for the spin. The boundary conditions of the string are
where the two endpoints of the string are antipodal in the equator, at φ + = 0 and at φ − = π. The parametrization (60), (61) describes a string on the equator of the spatial sphere, with antipodal endpoints having an angular velocity ω, and a component of velocity transverse to the spinning motion and along the axis that connects the endpoints, pointing inwards with measure (40) , just enough to counterbalance the time dependent expansion of the dS boundary. Below we will solve for the string solution for the region 0 ≤ σ ≤ L/2 subject to the boundary condition (61) at the endpoint σ = L/2. In addition we will require our solution to satisfy
so that we can extend the solution to the other half −L/2 ≤ σ ≤ 0. The constant z 0 is a free parameter that specifies the coordinate of the tuning point of the string.
It turns out that the parametrization (60) is a consistent solution to the full system of equations of motion obtained by the NG action only if the function f (σ) is given by
Notice that the function (63) happens to be also part of the coordinate transformation from the planar to the static coordinates. Physically, it gives a non-trivial σ dependence along the U (1) angle which describes a drag of the string profile in the bulk.
Having specified the function f (σ), we now need to solve the equations of motion to determine z(σ) and obtain the string profile in the bulk. The on-shell action is time independent
and depends explicitly on the worldsheet parameter σ. Variation of the full action gives only one independent equation of motion and reads
The string carries energy and angular momentum defined by differentiating the Lagrangian with respect toṫ andφ and integrating the densities along the length of the string
The dependence on the parameter ω is continuous and by switching it off ω = 0, the energy (66) is equal to the static on shell action corresponding to the energy of the bound state of the quark (45) , and the angular momentum becomes null. Due to the infinite length of the string both energy and angular momentum are infinite and a regularization is required. The infinite terms that regularize the energy and the angular momentum are given by (50) and applying it to our case we obtain
For no rotation, the energy (68) is equal to the one in on shell action corresponding to the energy of the bound state of the quark (55).
The Spinning String Solutions
The string profile is obtained first by solving the single equation (65) on the region 0 ≤ σ ≤ L/2 and then extend to the other half. That this is possible is based on the following observations: In the region close to the center of the sphere, the string parametrized by (60), (61) does not have a discontinuity along the φ coordinate, since the minimum point of the string does not rotate. This can be checked by looking at the equations of motion and noticing that in the full action the derivatives ∂ σ φ 2 are multiplied by the term σ 2 sinh 2 Hz(σ). The function z(σ) is even, with a minimum point at σ = 0, so its expansion around σ = 0 is at least of second order. Therefore in the resulting equations of motion the terms involving derivatives of φ are all zero at σ = 0 and the string solution is smooth there too.
Our obtained string profiles are presented in the Figures 6 and 7 . The deformation of the U-shaped string inside the bulk is enhanced by the spin compared to the static case ( Figure 6 ). Moreover, spinning strings with fixed turning point inter-quark distance L correspond to surfaces that go deeper to the bulk compared to the static strings ( Figure  7 ). This is naturally expected since rotation will tend to increase of the distance between the quarks, while the string tension acts to the opposite direction. This is already a hint that spinning strings dissociate easier than that static ones, however for a rigorous evident we need to compute the energy of the bound states.
In the case of spinning string we have two free parameters that the energy of the state depends on. By fixing the spin of the string and varying the string world-sheet endpoint we can obtain the function L(z 0 ). Then we can justify what we have already noticed by comparing spinning and static strings: the first ones correspond to larger inter-quark distances for the same turning point z 0 , compared to the latter ones. This is presented in Figure 8 . When we fix the length of the string world-sheet and increase the spin, we obtain a function ω(z 0 ) where notice that the for higher angular velocities the minimal surface goes deeper in the bulk in order to preserve the invariant distance at the boundary ( Figure 9 ). This is in agreement with the previous observations on the string profiles.
To observe the dissociation of the quark bound state in relation with spin, we fix the length of the state and the temperature, and modify the angular momentum. To keep a state in constant length as ω increases, we need a world-sheet that comes closer to the boundary. We find that the angular momentum of the bound state is increasing for increasing ω until it reaches a maximum value for ω = ω max , where the decrease begins. For lower temperatures the magnitude of the angular momentum is larger, and the heavy quark bound state can spin faster. This is naturally expected since the string feels less 'friction' in lower temperatures (Figure 10 ). We find that the energy in terms of ω increases for increasing angular velocity until it reaches a maximum value for ω = ω max (Figure 11 ). Lower temperatures lead to higher energies E(ω) of the bound state with fixed inter-quark distance. The maximum of the angular momentum and energy occur for the same value of angular velocity. Therefore the expression E 2 (J) will have a cusp point at J = J max indicating that a state of fixed inter-quark distance can reach to a maximum spin. Moreover, for each value of spin J < J max the state can be found with both energies, the upper and lower segment in the E 2 (J) function ( Figure 12 ).The upper segment is for large values of ω and large energies and is not energetically preferable. The lower part of the curve depicts the energy of a stable spinning state, and has a continuous limit to the spin-less state.
The existence of a maximum energy and angular momentum with respect to the angular velocity can be explained by looking at the behavior of the minimal surface. We have shown that for a fixed inter-quark distance and increasing the spin, the surface has to extend deeper to the bulk in order to preserve the invariant distance at the boundary. There is a critical point at which effect of cosmological expansion and rotation becomes so big that it is no longer possible to have a stable bound state.
To summarize our findings in this section, we conclude that the spinning bound state on a dS CFT theory, has all the characteristics of a spinning bound state in a finite temperature dual field theory in flat spacetime. Therefore, it feels the heat bath in a similar way as it would be in gravity dual theory with a black hole, for example as in [44] .
Conclusions and Discussions
In this paper we have examined the thermal properties of the dS field theories in the Bunch-Davies vacuum. We have provided a formalism for the study of the entanglement entropy of a strip in several dimensions. In the special case of AdS 3 /dS 2 sliced theory, the logarithmic entanglement entropy is related to the geodesic in the bulk space, and due to conformal invariance the result is expected to agree with the flat space field theories. Nevertheless, we have studied analytically the entropy and by using the geodesic approximation we have found the equal time two point correlator and have reproduced the result obtained using the bulk to boundary formalism in [4] .
We have also examined heavy quark probes placed in a strongly coupled de Sitter universe. In the planar coordinates, the spatial part of our metric expands with a rate of exp(HT ). We have considered a pair of a heavy quark and a heavy anti-quark on the dS boundary, where each quark has a constant speed pointing to each other in order to counterbalance the expansion of the spacetime. The heavy meson bound state has a constant invariant inter-quark distance which corresponds to a time-translational invariant world-sheet. We have discussed the numerical implications of the computation due to the presence of cosmological expansion in the bulk and the way to regularize the infinite energy of the pair in holography. The meson bound state share many properties as the bound state in thermal field theories. In particular, it does not exist beyond an inter-quark distance.
By examining the spinning heavy quark bound states our system gets one more degree of freedom. We observe that there is a maximum angular momentum value that the spinning bound state can exist. We compute the energy of the spinning meson, in terms of its angular momentum and conclude that the spinning string realizes the Hawking temperature. It would be very interesting to develop a methodology for other observables in the gravity dual of dS field theories, especially the ones that their evaluation in flat thermal field theories depend heavily on the presence of a black hole horizon, like the jet quenching, and to examine how the generic formulas of [47] would be modified in the present setup. Along these lines we mention the interesting study of fluctuation and dissipation in the de Sitter space [48] .
It is worth noting that the effect of the cosmological expansion of the de Sitter factor persists in the bulk and its effect on the string world-sheet is evident. However the effect is different compared to the strings placed in a black hole background where the tidal gravitational attraction of the black hole tends to pull and deforms the string in the radial direction, while the cosmological expansion of the de Sitter factor of the AdS space affects the string in the longitudinal directions parallel to the boundary.
In this paper we have consider de Sitter space written in planar or conformal coordinates. Nevertheless we show that by a suitable choice of ansatz for the string worldsheet, one can eliminate from the effective system all the time dependence consistently. By doing that we end up with time invariant system and ordinary differential equations which are under a good control, instead of the more involved partial differential equations. Therefore, the consideration in this paper may also provide some guidance towards the study of other observables in general time dependent theories.
A Strings in Static versus Planar Coordinates
Here we provide the coordinate transformation between the planar coordinates of dS space
and the static ones
We find the relation between the coordinate systems by identifying r = e Ht r ,
which leaves a differential equation to be solved for the time coordinates to get the full transformationt = t − 1 2H log(1 − H 2 r 2 e 2Ht ) ,r = re Ht .
One may use the coordinate transformation to map our string solutions to the static coordinates. By doing that to the static boundary bound state (42) we get on dS
while the holographic coordinate is parametrized by another function z(σ). We notice that this string solution lead to a different action compared to the solution obtained in [43] , but to a similar equation of motion. Moreover, the way we have parametrized the strings in the planar coordinate system does not constrain us to have to use radial coordinates with a finite positive range, and we are allowed to place the string symmetrically, with respect to the origin. We also note that with a coordinate transformation from the planar coordinates to the static ones, one can bring the rotating string solution (60) to a form close to a boosted string in the static coordinates.
